Abstract: Molecular imprinting of small organic compounds is now a standard procedure for preparation of tailor-designed affinity materials. Molecularly imprinted polymers (MIPs) have outstanding stability and can be prepared in a large quantity, therefore are useful replacements for biological receptors for a number of applications including product purification, analytical separation, chemical sensing and controlled delivery and biomineralization. Although preparation of MIPs, in particular using the non-covalent imprinting strategy, has become a routine practice in many research laboratories, new synthetic methods continued to be invented, which contribute to new MIPs with unprecedented functional performances. As the size of the template increases from small organic compounds to biomacromolecules to large virus particles and cells, the traditional methods of imprinting often fail to give useful MIP products. Another important aspect is the shift from organic solvents to water for MIPs designed for treatment or analysis of biological samples. The demand on water-compatibility and recognition of larger entities for MIPs call for new and efficient synthetic methods. This mini review will summarize the recent progress of molecular imprinting using particle-stabilized emulsion as a general synthetic platform to furnish the new MIPs with the desired functions.
In nature, molecular recognition plays a critical role in numerous living systems. The transfer of genetic information in living organisms and the immune reactions in insects and mammals are just some wellknown examples. While the basic principles behind molecular recognition are being revealed through continuing fundamental research, high selectivity molecular interactions have already been utilized in many applications including affinity separation, biosensing and biomimetic catalysis. For biochemical and biotechnological applications, antibodies, enzymes and aptamers are the most widely used molecular recognition materials that are derived from biological sources. These protein-and nucleic acid-based recognition materials often display a high selectivity, but they have the common shortcomings of high production cost and low stability. As one type of synthetic materials with pre-designed molecular binding selectivity, molecularly imprinted polymers (MIPs) are robust and can be synthesized in a large quantity, which makes MIPs ideal substitutes for biological receptors (antibodies, enzymes, aptamers) under harsh conditions [1] [2] [3] . The technique of molecular imprinting has shown great success for the synthesis of selective binding materials for separation and detection of low molecular weight compounds, mainly in nonaqueous solvents [4] [5] . Due to the increased demand of affinity separation and sensing for biologically related molecules in aqueous environments, new synthetic methods are being developed to enable hydrophilic MIPs with increasing water-compatibilities [6] . Some of the new synthetic methods initially developed for small molecule imprinting have also been extended to preparing proteinand cell-recognizing MIPs [7] [8] [9] [10] . In this short review, we will provide a succinct analysis of molecular imprinting in particle-stabilized emulsion (Pickering emulsion), a new synthetic platform that can offer hydrophilic and water-compatible MIPs possessing selective molecular recognition, not only for small organic molecules, but also for proteins and microbial cells. Although molecular imprinting in Pickering emulsion is a relatively new development, it has shown great promise for preparation of imprinted polymers for selective recognition of predefined molecular targets with an increasing physical size and complexity.
Particle-stabilized emulsion (Pickering emulsion): a new synthetic platform
The tendency of solid particles to reside on the interface between two immiscible liquids was observed a long time ago. Emulsions stabilized by solid particles were described already in the beginning of last century by Spencer M Pickering [11] . Because of his contribution, particle-stabilized emulsion is now also named broadly as Pickering emulsion. In Pickering emulsion, the prerequisite to realize particle stabilization for the dispersed droplets is that the solid particles possess a suitable wettability by the two immiscible liquids, so that the particles remain on the liquid-liquid interface and thereby reduce the surface energy (Fig. 1) . Unlike surfactant molecules, the solid particles used to stabilize Pickering emulsions do not have to have distinct hydrophilic and hydrophobic moieties [12] . Because of this characteristic, it is possible to use a large variety of solid particles to prepare stable Pickering emulsion by adjusting the surface polarity of the solid particles through chemical modification.
Compared with surfactant-stabilized emulsions, Pickering emulsions have a much higher stability against coalescence and can often be stored for a very long period. This high emulsion stability can be explained by the strong adsorption of the solid particles under a partial wetting condition. In short, the free energy of adsorption (∆G) of a small spherical particle (ignoring its gravity) at the oil-water interface in Figure 1 is given by:
where R is the radius of the particle, γ the surface tension of the oil-water interface, and θ the contact angle measured through the water phase [12, 13] . For solid particles in the nano-to micro-meter range, the energy required to remove a single particle from the interface (-∆G) is much higher than its thermo energy, meaning that the particle will remain at the interface as long as the contact angle does not deviate significantly from 90°.
Because Pickering emulsion maintains a high stability and can be prepared from inexpensive and non-toxic particles, it has been used in a large number of applications including food, cosmetic formulations, and more recently to prepare complex structures such as colloidosomes for controlled drug delivery [14] , sensing [15] and biphasic catalysis [16] . In addition, Pickering emulsions have also been used as a versatile synthetic platform to prepare composite materials using different polymerization reactions [17] [18] [19] [20] . In this way the macroscopic shape of the products can be controlled by adjusting the dispersed droplets in the Pickering emulsions.
Molecular imprinting in Pickering emulsion
The high stability against coalescence makes Pickering emulsion an interesting system for synthesis of spherical polymer beads using free radical polymerization. Similar to the traditional suspension polymerization based on surfactant-stabilized emulsions, Pickering emulsion polymerization can be used to prepare polymer beads that are decorated on their surface with the stabilizing particles. In fact different organic/inorganic composite microspheres have been synthesized using Pickering emulsion polymerization [21] .
The most common Pickering emulsions are oil-inwater (o/w) or water-in-oil (w/o) droplets stabilized by different partial wetting solid particles. Initially, our interest in using Pickering emulsion to synthesize MIP beads started when we intended to address three major problems encountered in conventional molecular imprinting: slow binding kinetics due to restricted diffusion in highly cross-linked polymers, lack of group selectivity for homologous molecules, and high nonspecific binding in aqueous solution. To solve these problems, we selected to immobilize a common moiety of a group of analytical targets on silica nanoparticles and use the immobilized template to carry out molecular imprinting at an oil-water interface, which was obtained by using the template-decorated silica nanoparticles to stabilize an o/w Pickering emulsion. The model imprinting system was designed to lead to spherical MIP beads for selective binding of β-blockers under aqueous condition. The basic principle of this synthetic design is shown in Fig. 2 , where the surface-immobilized template is intended to create on the MIP surface easily accessible sites that can bind several β-blockers via their common moiety represented by the immobilized template (Tem-I). Since the binding sites are enriched on MIP surface, we expected that the surface of the obtained MIP beads will be more hydrophilic than the traditional MIP particles prepared in non-polar organic solvents, thereby to display an improved water-compatibility [22] . Indeed, this new interfacial molecular imprinting approach resulted in spherical MIP beads that display fast and group-selective binding for the target β-blockers under purely aqueous condition.
In the above example, all the imprinted sites are created on the microsphere surface to ensure that the target analytes can reach the imprinted sites easily. One limitation of this type of MIPs is their low capacity because the interior of the MIP beads only acts as structural support and does not contribute to specific binding. One simple solution to increasing capacity is to carry out molecular imprinting using a template dissolved in the oil phase of the Pickering emulsion. In this way the template is used to create imprinted sites in the monomer phase very similar to that in the traditional suspension polymerization system, where the oil phase is composed of template, functional monomer, cross-linker, initiator and a porogenic solvent. To demonstrate the feasibility, we used propranolol as a model template and prepared propranolol-imprinted polymer beads using o/w Pickering emulsion polymerization (Figure 3 ). Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), toluene and azobisisobutyronitrile (AIBN) were used as the functional monomer, cross-linker, porogen and initiator, respectively. The obtained MIP beads displayed clear imprinting effect and showed specific binding with enhanced capacity for propranolol and its structural analogs [23] . The MIP beads were used as affinity adsorbents to extract propranolol analogs directly from water samples, which allowed trace amount of several β-blockers to be measured using standard HPLC-MS analysis [24] .
Following these successful demonstrations, more studies have been published from both our own group and from other laboratories. Most of the work has focused on imprinting against low molecular weight compounds [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Besides spherical MIP particles, more complex imprinted structures have also been produced, e.g. imprinted hollow spheres using double Pickering emulsions. A variety of stabilizing particles besides silica particles have been used in these examples. In Table 1 we list the recently published studies for small molecule imprinting that are based on Pickering emulsion systems.
Protein imprinting in Pickering emulsions
After demonstrating small molecule imprinting in o/w Pickering emulsions, we reported the first successful protein imprinting in reversed Pickering emulsion, or w/o Pickering emulsion that was stabilized by hydrophobic silica nanoparticles. Human hemoglobin (Hb) was used as a model protein to create imprinted sites in loosely cross-linked hydrogel microspheres. To obtain a stable w/o Pickering emulsion, we first modified commercial silica nanoparticles by chemical modification to increase their hydrophobicity. The modified silica nanoparticles were then used to stabilize an emulsion of aqueous solution of Hb, acrylamide (AAm), N-hydroxymethyl acrylamide (HMAAm) and methylene bisacrylamide (BIS) dispersed in a mixture of toluene and hexane (the oil phase). After cross-linking polymerization of the water phase and removing the modified silica particles, we obtained Hb-imprinted hydrogel microspheres that displayed a clear preference of binding for the template, Hb (Fig. 4) . The specific binding can be attributed to multiple molecular interactions between Hb and the imprinted sites (e.g. hydrogen bond, van de Waals force) in combination with hydrophobic effect. As the proteinimprinted sites reside in the interior of the MIP beads, it was essential to use a relatively low cross-linking density for the MIP so that the large Hb molecules can effectively diffuse and reach the internal protein binding sites [36] . Compared to other protein imprinting approaches, the method of protein imprinting in Pickering emulsion is more straightforward and leads to uniform polymer beads that are easier to handle in practical applications.
Protein-imprinted hydrogels are soft materials and have a relatively low mechanical strength. In order to use protein imprinted MIPs for preparative protein separation, [35] it is necessary to develop non-compressible MIP beads that can ideally be used in a chromatography column, but at the same time to maintain the protein binding sites easily accessible. To this end we envisioned that the unique structure of Pickering emulsions could provide a new solution: by immobilizing protein or its epitope (an exposed peptide sequence) on the stabilizing particles, it should be possible to create protein binding sites on the surface of densely cross-linked polymer beads through o/w Pickering emulsion polymerization. To test the feasibility of this protein imprinting approach, we first adsorbed Hb on hydrophobic silica nanoparticles and then used the protein-coated silica to stabilize an o/w emulsion. After optimizing the composition of functional monomer and cross-linker in the oil phase, we carried out a cross-linking polymerization in the Pickering emulsion and obtained high-rigidity MIP beads [37] . When the Hb-imprinted beads were tested in protein binding analysis, they showed preferential Hb binding over the other reference proteins.
In addition, the Hb-imprinted MIP beads could efficiently remove Hb from its binary mixtures with ovalbumin and bovine serum albumin (Fig. 5) . The above example of protein imprinting on surface was performed under a not very natural condition. It is therefore unclear to what extent the template protein (Hb) remained in its natural folding during the imprinting reaction. Despite the drastic reaction conditions used, the obtained MIP beads displayed a clear binding selectivity for the intended protein target, and could separate Hb from even a closely related protein, myoglobin. In future developments, it will be more interesting to use specific epitopes selected from a target protein to modify solid particles to prepare the Pickering emulsion. In this way it will be possible to avoid using large proteins as templates for imprinting, and the research in this direction may help to gain better understanding of the interacting surfaces of a target protein (epitope mapping).
Microbial imprinting in Pickering emulsions
The tendency of solid particles to partition between two immiscible liquids is also found for biological particles, e.g. bacterial cells. Although bacterial cells are generally too hydrophilic to provide sufficient interfacial stabilization, they can be tuned into Pickering emulsion stabilizer after being coated with a positively charged polyelectrolyte [38] . Considering the capability of bacterial cells to form self-assembled complexes with polyelectrolytes and to stabilize Pickering emulsions, we designed a new approach to prepare bacteria-binding surfaces on cross-linked polymer beads [39] . In this interfacial bacterial imprinting process, we first modified positively charged chitosan (a random copolymer of β-linked D-glucosamine and N-acetyl-D-glucosamine) with acryloyl chloride to introduce polymerizable vinyl groups into the polyelectrolyte, N-acrylchitosan (NAC). Two different bacteria, Escherichia coli (E. coli, rod shape) and Micrococcus luteus (M. luteus, spherical) were used as templates and were treated with NAC to give stable bacteria-NAC complexes. The bacteria-NAC complexes were then used as particle stabilizers to prepare o/w emulsions. After polymerizing the oil phase (containing a mixture of trimethylolpropane trimethacrylate and DVB), the bacteria templates were removed to leave the microbial binding sites on the surfaces of the obtained polymer beads (Fig. 6) . The polymer beads imprinted against E. coli (E-BIP) and M. luteus (M-BIP) displayed clear binding selectivity for their corresponding templates used during the bacterial imprinting reactions.
The importance of the positively charged chitosan for bacterial binding was verified by selective passivation of the bead surface. When the surface amines were changed into hydrophobic or negatively charged functional groups, the specific bacterial binding was observed to diminish. These results suggest that the bacterial recognition on the polymer beads is dependent on the nature of the polyelectrolyte and the target bacteria. Since bacteria can be used as particle stabilizer and at the same time as microbial template, this type of Pickering emulsion offers a very versatile synthetic tool for preparing new functional surfaces that can be used to study cellular recognition, microbial communication and for other practical applications.
Conclusions
Although the first molecular imprinting in particlestabilized emulsions (Pickering emulsions) was reported only a few years ago, the number of publications in this subarea has increased very rapidly. The unique property of Pickering emulsion systems provides many possibilities to design the location of molecularly imprinted sites in the final products, and the complexity and functions of the final products. For recognition of large biological molecules and living cells, Pickering emulsion is particularly interesting because various templates and epitope structures can be immobilized on the stabilizing particles to create surface imprinted binding sites. Besides creating recognition sites for biomacromolecules on surfaces, the interior phase of the Pickering emulsions remain to be utilized by more ingenious synthetic design. Combining Pickering emulsion systems with more controllable synthetic chemistry, e.g. click chemistry and controlled radical polymerization techniques, more exciting materials and new applications can be expected for biomolecule-imprinted materials.
